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Amendment Dated 01-03-2004 
Reply to Office Action of 03-03-2003 

REMARKS/ARGUMENTS 

I. Status of the Claims and Amendments: 

Claims 100-109, 111, 114- 121, 123, 127, 129, 131 - 137, 140, 143, 144 have been cancelled for 
brevity and in light of previously added new claims. Support for the amendment to claim 144 reciting 
alternations that reverse a ligand specificity of the receptor and confer activation by the antagonist can be 
found for example on page 27, line 2. 

II. Rejections under 35 U.S.C. § 101 

The Examiner has rejected claims on the basis of 35 USC 101 citing the PTO's position outlined in 
1077 OG 24. It is the Applicant's belief that 1077 OG 24 stands for the proposition that applications would 
be accepted claiming non-naturally occurring nonhuman multicellular living organisms, including animals, 
but thus establishing that claims to humans would not be permitted. The present application does not claim 
animals, human or otherwise but instead presents method claims for regulating gene expression. As such, 
the present claims in the human context are analogous to methods of treatment using administration of 
drugs for intended therapeutic benefit. The method is applicable to regulating expression in animals, 
including humans, into which a nucleic acid encoding a ligand inducible molecular switch has been 
introduced for transient expression and to transgenic non-human animals expressing the molecular switch. 
Expression from the nucleic acid thus resident in the animal, whether transient if administered or 
endogenous if transgenic, is activated by ligand administration to induce expression of desired target genes. 

Although not acquiescing to the relevance of the present rejection to the previously pending method 
claims, for purposes of advancing prosecution in light of the Examiner's 35 USC 101 concerns, the 
independent claims have been amended as follows. Independent 144, and thus the claims dependant 
therefrom, has been amended to include a limitation to non-human animals. Independent claim 168, and 
thus the claims dependant therefrom, has been amended to clarify that the molecular switch expression 
cassette has been previously administered to an animal for transient expression or is comprised in a non- 
human transgenic animal. Where the expression cassette has been previously administered to an animal, 
including humans, for transient expression, this means that the genetic material encoding the molecular 
switch is designed not to be integrated into the host cell genome or replicated and is accordingly eliminated 
from the cell over a period of time. See the definition of "transient" in the written description on page 13, 
lines 13 - 17. Similarly, independent claim 177, and thus the claims that depend therefrom, recites a 
method of regulating transient expression wherein the animal has been previously administered the nucleic 
acid encoding the molecular switch. Thus, the claims have been amended to clarify that the animals, 
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including humans, are administered the nucleic acid for transient expression. Germ-line transmission of 
nucleic acids encoding the molecular switch thus resulting in a "transgenic human" is not claimed. 
HI. Rejections under 35 U.S.C. §112 

The Examiner, while conceding that the specification is enabling for certain transgenic applications, 
appears find that the specification is not enabling for other transgenic applications or long term expression. 
The method of the present invention has in fact been readily adopted by those of skill in the art of 
transgenics for its particular value in regulating the temporal expression of any given gene product in 
transgenic animals upon administration of the ligand. For this reason, the present invention has been 
particularly valuable in transgenics where it permits the study of genes whose expression would be lethal 
during development. For example, included herewith is an article by certain of the present inventors 
detailing the application of the claimed invention to transgenic mice for regulated expression in which the 
transgene was readily induced by ligand administration in vivo. See Wang et al. Nature Biotechnology 15 
(1997) 239. A review article by Bockamp et al, Physiol Genomics 11: 115 (2002), included herewith, 
reiterates the particular advantages of the steroid hormone molecular switch in transgenic applications. 
Numerous further examples of the effective use of the claimed method of ligand regulated expression of 
target genes utilizing the molecular switch of the present invention can be readily provided that fully 
demonstrate expression of the regulated transgene at levels sufficient for phenotypic expression. The 
details of transgenic animal generation at the time the applications was filed were well known in the art and 
were thus not necessary for understanding or using the claimed method of regulating target gene expression 
through administration of a ligand that activates a molecular switch specific for expression of the target 
gene promoter. 

Regarding the Examiner's concern relating to "long term expression", in the case of transgenics, the 
molecular switch could be expected to be expressed constitutively or in a tissue specific manner for the life 
of the animal and its progeny. The presence of the target gene, whether endogenous or introduced into the 
germ-line of a transgenic could likewise be expected to persist indefinitely although expression of the target 
gene would only occur in the presence of administered ligand. 

Where the nucleic acids have been administered to an animal using an expression vector, 
expression is expected to be "transient" in that the expression vector will eventually be lost to cell division. 
Nonetheless, "transient" expression can still be considered "long-term." As set out in the attached article by 
Nordstrom, Steroids 68 (2003) 1085-1094, pg. 1091, ligand inducible expression of target genes under the 
present method has been observed for at least a year following single administration of expression vectors 
encoding the molecular switch of the present invention. 
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The Examiner has argued that the specification is not enabling for the generation of any mutation in 
the ligand binding domain of any steroid hormone receptor. This rejection is respectfully traversed as it 
applies to pending claims 144 - 176. The present inventors taught that modification of amino acid 
sequence in the ligand binding domain of steroid hormone receptors could convert an antagonist of the 
naturally occurring receptor into an antagonist and that this mutated ligand binding domain could be 
combined with non-steroid hormone receptor DNA binding domains as well as heterologous transregulatory 
domains. The molecular switch thus produced could be utilized to regulate the expression of genes in vivo 
through the administration of a ligand to the animal that would not activate endogenous receptors. The 
present inventors demonstrated their invention with the progesterone receptor but also taught the generation 
of molecular switches based on other steroid hormone receptors including among others the estrogen 
receptor and glucocorticoid receptor. 

Others readily appreciated the power of this discovery and have subsequently demonstrated the 
validity of this teaching in the generation of molecular switches based on the other steroid hormones taught 
by the present inventors including the estrogen and glucocorticoid receptors. The basis of these 
demonstrations in the teachings of the present inventors was cited in Brachen et al, US Application 
10/157,899, published as US2003/0143559, describing the generation of a molecular switch including 
heterologous DNA binding and transactivation domains together with mutated estrogen receptor ligand 
binding domains result in activation by antiestrogens. 

Glucocorticoid receptor mutants have been generated based on the seminal teachings of the present 
inventors. See, for example, Lanz et al Endocrinology 135 (1994) 2183 (already of record but a copy of 
submitted here for the convenience of the Examiner). The teachings of the present invention have enabled 
others of skill in the art to generate mutated steroid hormone receptors that are "inverted" with respect to 
ligand activation, thus enabling the generation of molecular switches that are not activated by endogenous 
ligands. 

Claims 177 - 192 relate to a specific embodiment in which the steroid hormone receptor is a 
progesterone receptor having an alternation in one or more of the C-terminal 54 amino acids. These claims 
have been amended to claim administration for transient expression. Specific examples of both 54 and 42 
amino acid deletions were provided in the specification at, for example, page 29, lines 10-30. Given this 
teaching, undue experimentation would not be required to identify further deletions or substitutions in this 
region that would provide the same result as the surprising discovery of the present inventors that 
modification of amino acid sequence in this region would convert an antagonist of the naturally occurring 
receptor into an antagonist. 
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Amendments to claims 152 and 182 are made to correct errors in the recitation of the chemical 
formula, consistent with the specification and prior corrections thereto. Minor corrections to certain of the 
claims have been made for purposes of grammar and to clarify dependencies. 



For the reasons stated herein, the Applicant respectfully submits that independent claims 144, 168 
and 177 are allowable and that the dependent claims are, in turn, also allowable. Applicant respectfully 
requests allowance of the claims at an early date. The Commissioner is authorized to charge any additional 
fees incurred in this application or credit any overpayment to Deposit Account No. 50-1922. Should the 
Examiner have any questions, please do not hesitate to call Applicant's attorney at 832-446-2421. 

Respectfully submitted, 



Marilyn M. Huston 
Reg. No. 37,851 

Wong, Cabello, Lutsch, Rutherford & Brucculeri, L.LP. 
20333 SH 249, Suite 600 
Houston, TX 77070 
(832) 446-2421 



I hereby certify that this document is being deposited with the U.S. Postal Service Express Mail Service 
in an envelope addressed to Mail Stop Petitions, Commissioner for Patents, P. O. Box 1450, Alexandria, VA 
22313-1450 on January, 5, 2004. 



Conclusion 




CERTIFICATE OF MAILING 




Page 13 of 13 



r 



0013-7227/W/1355.21S3M3.00/0 
Endocriooloiy 

Copyright O 1994 by The Emfoerine Society 



VoL 135. No. 5 
Printed in U.Sj\. 



Nuclear ReceptSs* d Trans a<*ivation by 

RA1NER B. LANZ AND SANDRO RUSCONI 



ABSTRACT 

mutagenesis of conserved hvSwffi" t ? B d ° ma,n - Site directed 
reported to create "o^d hutn I "l this w *> 

and estrogen receDto.*7L, * luc ocortjcoid receptors (GRs) 

us- an ^: r p z^ c ^°i:z^z h r apparentiy 

the rat GR to compare the oechZl ^ ffJogo™ mutations in 
negative. recepJrs w "^^""^ 

dexa.etna.ne proper*, ^ i^S^.**- 



(TAFs) have been ifS'JhT^u"" 3 ^ 3 ^ functi °™ 
and »ithin a?S^^H? 0U ! 1 m the N-temnul domain 

functions have been dJc^hS Z ^ ^^vanon 
gionfenAl- Q^or in^f d Wlttun D NA-binding re- 

Thf^ u b Proximity fa«-2; 10) (see Fie IB? 

controversy? fl, * fuUy ^"stood. Although still 
in tJTS^, S "Tl e S R 13 l0Cated P-domLntly 
heat shock protTiri ^ LiLd h 5^°^ C ° mp,ex indudin 8 

Received April 19, 1994 

^^^S^i^^ f °; "P*» * Or- Sandro 
Fribourg, SwiSerland ^' ° f Fribour 8- P «°'<es. 1700 

tic' JS^SSSS.^ ^ ^ Nati ° na ' ^nda- 



sequent functions are abolished F»rtK«_ 
cation of a GR mutant That U stS ^ "* rep0rt the 
RU486 but is silent with Til responsive to the antagonist 

that the T^^J^ tl ^S£^ a ^^ &ma ^ 
analogous mutations in rela^eptorfdlf T""* * GR " since 
notypes. Contrary to tta^oT*?^ generate simil « phe- 

^cub^^JuTO^R ^fr^"™ rece P tor . show 
We conclude that s^ence cbn«Z!^ "7 aCtivated R U486. 
necessarily imply 'ffiSl ISS^^'^-S- does not 

GAU revealed the important of Dra^rnrn t nC Constructs ^th 
hgand discrimination which ^ m JS^?? L m lnteract «ons to exert 
domain. (^^tTsSSft '^-terminal sub- 



2183 



also known as mifepristone (later referred 1 to as RlK *' 

a pure antagoLt o R^U Same ««h«none is 

^ghtmducfrSed butdiS " 0rm0nes and antihormones 

rtend XrSSSbed ^ 2 

-^We^o??^^ ^ (HBD >' In «i 

sss£c ssre; 

the acS of he SSST^ bUt 3,50 f ° r modula *°n of 
located in the rffiD n( domain 

transcription w^fetaLn^ n ^ Unable t0 activa ^ 
functions. In spHe 0 J SaT 8 he ,° ther Ster ° id rece P^ 
dominant-negative fTDNi rR 6 / ece . n ^ instructed a trans- 
negative (TDN) GR by altering the reading frame 



2184 



A) 



B) 



C) 



TRANSACTIVATION BY NUCLEAR RECEPTORS 



rGR 
hPR 
hAR 
hMR 



7S4 
902 
887 
953 



SVEFPEMMSlvi 
SVDFPEMMAhl 

kv|Efpa|ml|v|ii 



PKrSNqNUKLLFHOK 79S 
PKILAGMVKPLLFHKK 933 
PKI LSGKVKP I YFHTQ 9is 
SDOlJpK^ESGiNAKPtYFHRK 970 

-i 



TNQI 
AAQL 
SVQV 





T-1 


TAF-1 enhi T-2 


TAF-2 | 


rGR 


Nl Ei 




Oex. 




75-96 


440 556 




hPR 


N |: 


^■•?r : ~ \omim 


Hi RS020 \-m\ 


hAR 




567 687 






::::::::::::::::t::0::U:::: 


: -Risai : ' : 






556 669 


I 



795 



933 



918 



r 



I) wtGR 

II) CS1 

III) CS2 

IV) CD 

V) CS1/CD 

VI) CT(A28+0) 

VII) CT(A53+14) 

VIII) CT(A53+2) 

IX) CT(A55+7) 

X) wtPR 

XI) PR.CS1/CD 

XII) UP-1 

XIII) PR-CT(A32+2) 

XIV) PR-CT(A12+2) 

XV) wlAR 

XVI) AR.CS1/CD 

XVII) AR.CT(A1 2+4) 



KLLDSHHEVVENLLTYCFQTFLD. KTMS IEFPEHLAE ! ITNQl PKY SNGN I KKLLFHGK 
KLLOSMHEVVENLLTYCFQTFLD. KTMSIEFPEAAAE I ITNQ I PKYSNGN I KKLlFHQK 
KLLDSHHEVVENLLTYCFQTFLD. KTMS IEFPEHLAE AAJNQ I PKYSNGN I KKLLFHQK 
KLLDSHHEVVENLLTYCFQTFLD. KTMS IEFPEHLAE IITNQI--YSNGNIKKLLFHQK 
KLLDSHHEVVENLLTYCFQTFLD. KTHSIEFPEAAAE I ITNQI--YSNGNI KKLLFHQK 
KILDSHHEWENLLTYCFQTFLD. KTMSIEF 
KLLOS rptqayryrgrgts 
KILOS td 
Kllkllfhqk 

KLLDNLHDLVKQLHLYCLNTFIQSRALSVEFPEMHSEV IAAQLPKI LAGHVKPLLFHKK 
KLLONLHOLVKQLHLYCLNTFIQSRALSVEFPEAASEVIAAQL- - 1 LAGHVKPLLFHKK 
KLLDNcmf Isnnplcta 
KLLDNLHDLVKQLHLYCLNTFIQSRAL ttf 

KLLDNLHDLVKQLHLYCLNTFIOSRALSVEFPEHMSEVI AAGLPKI Lti 
KLLDSVQPIARELHQFTFOLLI KSHMVSVOFPEHMAE II SVQVPKI LSGKVKPI YFHTQ 
KLLDSVQPlARELHQFTFDLLlKSHMVSVeFPE£A/E I ISVQV- • I LSGKVKPI YFHTQ 
KLLOSVQP IARELHQFTFOLLI KSHKVSVeFPEHHAE 1 1 SVQVPKI Lrtsg 



Eodo. 



Vol 136. 



D) 



WtGR 
XWt 

GR[Ala] 
pSTC 



1 a 




Ocx. 


75-96 


440 556 








□ex. 


A 


440 556 




1 H 




Ocx. 



795 
795 
795 




H//H CMV 1 —1"" 



Fig. 1. Construction of receptor mutants. A, Sequence alignment of the carboxyl-end of the GR/PR/AR/MR subclass of the nuclear receptor 
superfamily. Amino acids are shown by the single-letter codes. Numbers at left and right, positions along primary sequence. Receptors: GR (26), 
hPR (31), hAR (32), and hMR (38). The rGR sequence corresponds to human residues 746-777 (39). Boxed residues, sequences that have been 
mutated In this work, the Pro-Lys residues (780/781 for rGR) will be referred to as PK-box. The Glu residue marked with an asterisk is conserved 
in all the members of the nuclear receptor superfamily known so far and will be used as a position marker (Glu773 for rGR) for purposes of the 
discussion. B t Domain structure of the rGR {white, dashed, and filled boxes), hPR {heavily stippled box), and hAR (slightly stippled box). The 
positions and extents of transactivation domains defined by different groups [TAP (7, 8), enh (9), and r (tau) are shown at the top with 
dotted lines. For rGR, the position of the poly-Gin stretch (horizontally hatched) in the N- terminal domain (open box) as well as the DBD (dashed 
box) and the HBD {filled box, Dex) are shown. The domains of PR and AR are not distinguished by different patterning. The ligand-binding 
domains of the receptors are indicated by the corresponding agonists used in this work. Numbers indicate domain boundaries. C, Sequence 
alignment of the carboxyl-ends of wt receptors and their mutations. Constructs are indicated with roman numerals and names at the left. The 
mutations refer to GR except where indicated by the appropriate abbreviation (PR or AR). A dot in the amino acid sequences of GR is a gap 
introduced for alignment to PR and AR Underlined residues, substitutions of the hydrophobic residues by alanine; dashes, deletion of the PK- 
box; capital Utters, natural residues; lower-case italics, fortuitous extensions of carboxyl- truncated mutants. UP-1, PR mutation missing 54 amino 
acids at the C-tenninal end (19); numbers in brackets, sizes of deletions followed by numbers of additional unrelated residues. D, Structure of the 
most important GR derivatives. wtGR, full-length rGR cDNA bearing a Gin repeat between residues 75 and 96; xwt, N-terminally truncated form 
lacking the major TAF-1; GR[Ala], mutant in which the Gin repeat is replaced by an alanine stretch (20; and Lanz R B. t S. Wieland, M. Hug, 
and S. Rusconi, submitted). At the bottom is the expression vector used (pSTC, (25)); CMV, -522 to +72 promoter/enhancer region; +1, 
transcription initiation; AUG, translation start site; broken line, cDNA insert; AATAAAA, genomic sequence of rabbit 0-globin (906-2080) with 
signals for splicing and polyadenylation; SVo, 188 base pairs of SV40 sequence spanning origin of replication; wavy line, bacterial plasmid (pSP65) 
including ampicillin resistance gene. Other symbols as in B. 
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of the CAG repeat located in the very amino terminal part 
of the receptor (20; and Lanz R. B., S. Wieland, M. Hug, and 
S. Rusoni, submitted). This mutant was called GR[Ala], since 
the CAG repeat is translated into a poly- Ala stretch instead 
of poly-Gin (see Fig. ID). While that work was in progress, 
another group described substitutions in the HBD that abol- 
ish transactivation but apparently maintain all the other 
functions of the receptor (21), similar to our GR[Ala] mutant. 
The authors did not directly address the possibility that their 
mutants act in a dominant -negative fashion when coex- 
pressed with wild type GR (wtGR). To compare the silencing 
exerted by these mutations with that of the poly-Ala stretch, 
we constructed the analogous mutations in the rat GR (rGR). 
In this paper we show that these carboxy- terminal mutants 
do not possess the expected dominant-negative functions. 
Furthermore, we report that additional mutations in the 
extreme carboxyl-end generate a GR that is strongly respon- 
sive to the antagonist RU486 but is silent with the agonist 
dexamethasone. Our data with chimeric transcription factors 
suggest furthermore that this response is not an intrinsic 
property of the mutations in the HBD alone but may require 
the presence of other GR domains or the action of a specific 
cofactor. We show that analogous mutations in the highly 
conserved GR/PR/AR/MR subclass do not result in parallel 
effects. Finally, our results provide evidence that the con- 
served region in the carboxy terminal part is important for 
ligand interpretation and may also have a role in protein- 
protein interaction. Hence, we propose to term this carboxy- 
terminal subdomain ligand interpretation and transcription 
activation function (LITAF). 



Materials and Methods 

Plasmids 

The reporter constructs were based on the plasmid oligonucleotide 
vector (OVEC-1) (22), containing the rabbit 0-globin reporter fragment 
-1221 to +3325 cloned into pUC18. Mammary tumor virus (MTV)- 
OVEC was the reporter gene plasmid for hormone responsive element 
activating receptors (23) and contained the mouse MTV (MMTV) pro- 
moter/enhancer (-522 to +72). 5G-OVEC, bearing five GAL4-binding 
sites in the enhancer position, was used as a reporter for the GAL-GR 
fusions (24). 

The expression plasmids were all based on the eukaryotic vector 
pSTC (25). GR and derivatives: wtGR full-length rGR complementary 
DNA (cDNA) (26); GR 407-795 (xwt) and GR(Ala) were published 
elsewhere (20, and references therein). Carboxy- terminal substitution 1 
(CS1), CS2, and carboxy-tenninal deletion (CD) mutants were generated 
by double-stranded oligonucleotide insertions in Eco RI-HmdJII sites of 
wtGR. For carboxyl-end truncation (CT) (A28 + 0), the blunt-ended 
EcoRI site from wtGR was ligated to a Pvu II site from the 3 '-poly linker 
in pSCTCalX556 (25) containing stop codons in all reading frames. 
CT(A53 + 14) and CT(A53 + 2) truncations were generated similarly by 
blunt ending the Nsil site and ligation to Hindi and Pvull, respectively. 
CT(A55 + 7) was constructed by excision of the 3'-HindiII fragment in 
wtCR. wtPR was generated by insertion of the Bam HI fragment of 
phPR-0 (a gift of M. J. Tsai, Baylor, Houston. TX) into the pSTC vector 
(25), and for wtAR, the Haell-Sall fragment of pSVARO (27) was used. 
The PR.CS1/CD and AR.CS1/CD mutations were generated by oligo- 
nudeotide insertions in DralU-BsrXI sites of wtPR and Bspl-Xholl sites 
of wtAR, respectively, providing an additional Eco RJ restriction site 
analogous to one present in the rGR cDNA (see below). Both PR-CT 
truncations were constructed by blunt ending the DraHI restriction site 
(PR-CT(A32 + 2)1 or BsfXI [PR-CT(A12 + 2)] and hgating to a Pvull site 



of the polylinker described above. In AR.CT(^l2+4), Xholl cleavage 
was used to reconstitute the plasmid with the 3'-8flmHI site. Sequences 
are shown in Fig. 1C and were verified by dideoxy chain- termination 
sequencing and in uirro translation. 

All chimeric receptor constructs containing extraneous C- terminal 
tails were generated using the natural (GR) or engineered (PR and AR; 
see above) EcoRI restriction site. For PR-GR(HBD) chimeras, the recep- 
tors were swapped at the corresponding NspHl/Sphl sites located in the 
second zinc finger-coding part. For the GR-AR(HBD) constructs, the AR 
cDNA restricted with Hpall was fused to the PsM site 3' to the DNA- 
binding domain (DBD) of GR using a short (Acci/Pstl) polylinker seg- 
ment of pSP64, yielding an additional glycine residue. GAL4-Act/ 
GR(HBD) constructs are based on pSCTEV (24), containing the DBD of 
GAL4 (amino acid residues 1-93) from pSC424 (28) and the CAL4 
activator region II fragment (HindlH-Smal) from pSCTCaW556 (25), The 
GR segments from wtGR, CS1, CS2, CD, and C51/CD were fused to 
the 3'-SmaI site of pSCTGalX556 by blunt ending the GR fragments 
restricted with -4ccl at amino acid position 500 using the mutagenesis 
cassette described elsewhere (29). 

Cell culture and transfection assays 

CV-1 (American Type Culture Collection, Rockville, MD) cells were 
grown in Dulbecco's modified Eagle's medium supplemented with 5% 
fetal calf serum and penicillin/streptomycin. Cells were transfected by 
the calcium phosphate coprecipitation procedure (22, and references 
therein) with 10 /ig reporter plasmid, 0.1-5 Mg transactivator plasmid, 3 
ng reference plasmid (22; see also Fig. 2), 8-10 jig sonicated salmon 
sperm DNA as carrier, and a mock expression plasmid, cytomegalovirus 
promoter-chloramphenicol acetyltransferase (CMV-CAT), used in neg- 
ative controls to compensate for different amounts of CMV- bearing 
plasmids. 

Where indicated, 5 x 10* 7 m dexamethasone (Dex), 1 x 10" 6 m 
mifepristone (RU486), 5 x 10~ 8 m promegestone (R5020), or 5 x 10~ 7 m 
methyltrienolone (R1881) was present throughout the incubation. Tran- 
siently expressed RNA was isolated 48 h after rinsing and subjected to 
SI -nuclease analysis (22). Quantification of the signals was performed 
by laser densitometric scanning of different film exposures. The reporter 
signal (Sig in Fig. 2) and the reference signal (Ref in Fig. 2) give distinct 
bands in this assay. The corrected transcription is defined as the ratio 
(signakreference, see Fig. 2 legend). For clarity, some standard samples 
(see Fig. 2) are considered as 100%, and the relative transcription is then 
defined by comparing individual corrected transcription with these 
standards (see bottoms of panels in Fig. 2 and numbers at right in Fig. 4). 

For the in situ immunofluorescence experiments (Table 1), 10 jig 
effector plasmid carrying the mutated rGR cDNA and an SV40 origin 
of replication were transfected together with 1 Mg of an expression vector 
encoding SV40 T-antigen (25, 29). Cells were incubated for 24 h after 
removal of the CaPO« precipitate. Hormone was added 2 h before 
fixation. The cells were fixed with acetone:methanol (3:7) at -20 C, 
dried and treated with a monoclonal antibody (BUGR; 17, 30). The 
complexes were visualized with fluorescein isothiocyanate- labeled goat 
antirabbit antibody (Calbiochem, La Jolla, CA). 

cRNA synthesis and in vitro translation 

For in vitro transcribed and translated recombinant cDNAs, the N- 
terminally truncated derivatives (xwt, xCSl, *rc.) were used. The mu- 
tants were subcloned into the plasmid p5CTX795 (25), linearized by 
Bglll restriction, transcribed with T7 RNA polymerase and messenger 
RNA translated in a rabbit reticulocyte lysate system as recommended 
by the supplier (Promega Biotec, Southampton, UK). 

Ligand -binding assays 

The filter binding assay and the dexamethasone- mesylate binding 
assay have been described previously (17). Relevant details are given in 
Figure 3. [ 3 H]Dex was from Amersham (Buckinghamshire, UK), [ 3 H] 
Dex-mesylate from DuPont-New England Nudear (Boston, MA), and 
unlabeled and labeled RU486 (mifepristone) were gifts from Roussel- 
Uclaf (Romainville, France). 
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Results 

Substitution of two hydrophobic residues by alanine 
in the TAF2 of the receptor does not generate 
dominant- negative mutants 

By changing the translational reading frame of the CAG 
repeat toward the amino-terminal coding portion of the rGR 
cDNA, we have previously generated a mutant that is inca- 
pable of transactivation but maintains competence for hor- 
mone binding, nuclear translocation, and specific DNA bind- 
ing (20; Lanz R. B., S. Wieland, M. Hug, and S. Rusconi, 
submitted). This functional variant (which is called GR[Ala], 
since the CAG repeat is translated into an alanine stretch: 
see Fig. ID) displays negative dominance when tested for 
transcriptional activation in vivo (see Ref. 20 and below). 

A recent report described amino acid substitutions at the 
C-terminus in mouse GR (M758A/L759A) which, in analogy 
to our GR[Ala] mutant, allegedly turned off the rransacriva- 
tion potential of the receptor while maintaining the other 
functions intact (21). We wanted to exarnine whether these 
mutants also behave as TDN GRs. To this purpose we 
constructed the equivalent CSs in the rGR (M770A/L771A 
= CS1 and I774A/I775A = CS2; see Fig. 1, constructs II and 
III). We have cotransfected effector plasmids encoding the 
mutant GRs along with a reporter vector in which the rabbit 
0-globin gene is driven by the MMTV promoter (MTV- 
OVEC; Ref. 23; Fig. 2A).. The level of reporter messenger 
RNA was analyzed by quantitative SI -nuclease protection, 
and representative results are shown in Fig. 2, B-D. Small 
amounts (0.3 ^g) of effector plasmid bearing the wtGR 
stimulate the reporter gene in the presence of Dex (Fig. 2B, 
lane 1), whereas large amounts (3 Mg) of the CS1- or CS2- 
encoding plasmids are completely inactive, in agreement 
with previous findings (21; Fig. 2B, lanes 4 and 5). 

To test whether the GR carboxy- terminal mutants CS1 
and CS2 can act as TDNs, we expressed a given amount of 
wtGR and challenged its action by coexpression of the mu- 
tants. As shown in Fig. 2B, neither CS1 nor GS2 is able to 
compete with the wtGR for the GR-responsive MMTV long 
terminal repeat promoter (see Fig. 2B, lanes 8 and 9, for 

Fig. 2. Transactivation properties of GR mutants. A, MMTV-OVEC (mock); lane 2, negative control pSTC GR(S482) with destroyed second 

is the reporter gene plasmid containing the MMTV promoter/enhancer zinc finger structure (29). GR[Ala] (lane 3) as well as CSl and CS2 

(reviewed in Ref. 40) linked to the rabbit 0-globin reporter fragment (lanes 4 and 5) do not transactivate, but only GR[AlaJ is able to repress 

(22). Transient transfection experiments were done in CV-1 cells by tfl e action of coezpressed wtGR (lane 7). Hence, the carboxy-terminal 

calcium phosphate coprecipitation of typically 0.3-3 effector plas- substitution mutants CSl and CS2 are not TDN. C, Transactivation 

mids, 10 Mg reporter vector, 3 reference plasmid (22), and carrier properties of the C-terminal GR mutants in the presence of agonist 

DNA to 25 Mg. The expression of 0-globin-RNA was analyzed by (Dex) and antagonist (RU486). Names and bracketed numbers at top 

quantitative Sl*nuclease mapping (see Materials and Methods; 22). °f panel indicate type and amount (in micrograms) of effector plasmid; 

The panels show representative autoradiograms in which both the test otner symbols and transfection conditions a* described above; control, 

signal (Sig) and the reference signal (Ref) are visible. Relative tran- 3 Mg inert effector plasmid CMV-CAT (lane 13, mock). The activity 

scription was determined densitometrically (see Materials and Meth- derived from 0.25 Mg {asterisks labeled value, lane 1) and 1 M g (lane 2) 

ods) and is presented at the bottoms of radiograms; standard samples pSTCwtGR in the presence of Dex are individually defined as 100%. 

are defined as 100% and deviation is less than 5%. D, 5 x 10" 7 M Dex; Tne double mutant CSl/CD is not responding to the agonist (lane 10) 

R, 5 x 10~* m RU486; P, 5 x 10* R M progestin R5020; A, 5 x 10 -7 M but shows an increased response to the antagonist RU4S6 (lane 12) 

androgen R1881. B, Transrepression properties of the carboxy-terminal compared with the wtGR (lane 4). D, Transactivation properties of the 

GR mutants in comparison with the GR( Ala) mutant. Names of effector carboxy-terminal mutations in PR and AR. Names at top of panel, type 

plasmids are shown at the top; +, 0.3 >ig plasmid expressing wtGR. of effector plasmid (1 ^g throughout); other symbols and transfection 

Lanes 2 to 5 show transactivity of 3 ng expression vector encoding GR conditions as described above. Lane 12, CT is GR.CT( A53+14); lane 
mutants alone; lanes 6 to 9 demonstrate the ability to repress the action PR.CT ( A32+2). The corrected transcription observed by cotrans* 

of 0.3 Mg coexpressed vector encoding wtGR. The corrected transcrip- fection of 1 M g pSTCwtGR in the presence of Dex (lane 2 in C) is 

tion level in lane 1 is defined as 100% Lane 1, Activity of 0.3 ng defined as 100%. The CSl/CD mutation demonstrates the RU hyper- 

pSTCwtGR together with 3 M g inert effector plasmid CMV-CAT reaction only in the context of GR. 
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TABLE 1. Properties of carboxy-terminal receptor mutants 

Functions 

Ligand binding* Localization' Transaction 4 
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1 wtGR 


+++ 


+++ 


+++ 


N>C 


N 


N 


• 


++++ 


+ 


2 GR(Ala] 








ON 


N 


N 


yea 






3 CSl 




+++ 


+++ 


NaC 


N>C 


N 


no 




(-) 


4 CS2 




+++ 


+++ 


NsC 


N>C 


N 


no 




(-) 


5 CD 


+++ 


+++ 


+++ 


N>C 


N 


N 


* 


++++ 


+ 


6 CS1/CD 
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7 CT 
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8 GAL4-Act/GR(HBD) 
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9 GAL4-Act/GR(HBD).CS1/CD 
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ON 
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The table semiquantitative^ displays the receptor functions. Data shown in Figs. 2-4 are included General structure and details on sequences 
of the constructs are given in Figs. 1 and 4. Empty fields indicate experiments that have not been done or are not relevant for the points addressed 
in this work. 

fl Construct names are indicated at the left and refer to GR. 

6 Ligand-binding data was obtained with receptor derivatives synthesized in vitro and by filter binding [Dex and RU486 (RU)j or gel 
electrophoresis of immunoprecipitated receptors [Dex- Mesylate (Mes)] (17) (Fig. 3); amino- terminally truncated receptors were used. +++, 
Ligand- binding indistinguishable from or better than wild type; +, clearly reduced affinity; close to background. 

e Cellular localization was determined by in situ immunofluorescence in absence (none) or in the presence of the agonist Dex and the antihormone 
RU486 (RU). N, Nucleus; C, cytoplasm. 

d Transaction: the ability to transrepress (repr.) or to transactivate (activation) is displayed qualitatively. Transactivation data were obtained 
by transient transfection of effector and reporter plasmids and analyzed by Si -nuclease mapping. The results include the radiograms represented 
in Fig. 2. Transrepression refers to the ability of the mutant to repress the signal derived from co-transfected wtGR (20; Lanz R, B., S. Wieland, 
M. Hug, and S. Rusconi, submitted). *, Not determinable; no and yes, unable, respectively, able to transrepress; ++++, transactivation 
indistinguishable from— or stronger than— wild type; +++, 40-60%; +, 5-10%; (+), 1-5%; close to background (<1%). 



competition in 10-fold plasmid excess), whereas under sim- 
ilar conditions our GR[Ala] mutant acts as a strong repressor 
(Fig. 2B, compare lanes 3 and 7). Hence, the mechanism of 
GR deactivation in CSl and CS2 mutants must be different 
from the one operating in the GR[Ala] mutant. We reasoned 
that CSl and CS2 mutants might have lost more than just 
their transactivation properties, and we proceeded by ex- 
amining their ability to bind hormones and to react to antag- 
onists. In the course of CSl and CS2 mutagenesis, some 
additional mutants arose, and they were tested in parallel. 

Mutations that increase responsiveness to the 
antagonist RU486 

In parallel to the CSl and CS2 mutations, we focused our 
interest on one spontaneous variation obtained during clon- 
ing. This mutant harbors, in addition to the hydrophobic 
substitution, also a deletion of two amino acids (Pro 780 and 
Lys 781, referred to as PK-box in this work) located seven 
residues C-terminally from an invariant glutamic acid (posi- 
tion 773 in rGR; see Fig. 1A). The double mutant GR that 
includes both the Ala substitutions A770/A771 (CSl) and 
the CD 780-781 has been called CS1/CD (see Fig. 1C, 
construct V). 

Since it has been shown that hormone and antihormone 
induce distinct conformational changes that are central to 
steroid receptor activation (18), we considered it worthwhile 
to also test all the carboxy-terminal mutations in the presence 
of the GR antagonist RU486 (Fig. 2C). In our assays, the 
average of agonistic activity of RU486 on the wtGR is ap- 
proximately 10% relative to full activation by Dex (Fig. 2C, 
lanes 3 and 4). We observed that the mutant CSl retains the 



ability to partially respond to RU486 (lane 9). More interest- 
ingly, we observed that the transactivation by the CS1/CD 
mutant in the presence of RU486 is remarkably strong (lanes 
11 and 12). The double mutant shows an RU486-induced 
transactivation that reaches about 50% of that of the wtGR 
in the presence of Dex (Fig. 2C, compare lane 12 with 2 or 
11 with 3). Consistent results were obtained by varying the 
ligand concentrations ranging from 5 nM-1 hm RU486 and 
by changing the amount of effector plasmid in transfection 
assays (data not shown). We could exclude that the enhanced 
response to RU486 is due to spurious mutations in the 
original construct by reimplanting a small entirely sequenced 
segment containing the mutated region in the original GR 
cDNA (not shown). 

Since the mutant CSl maintains partial transactivation in 
the presence of RU486 (Fig. 2C, compare lane 4 with 9), we 
wanted to test whether the increased response of the CSl/ 
CD mutant is solely due to the deletion of the PK-box. Hence, 
we separated the mutations (see Fig. 1C, construct IV, CD) 
and tested them again in the presence of different ligands. 
Transient transfection of various .amounts of plasmids ex- 
pressing wtGR or CD in CV-1 cells results in comparable 
stimulation of the GR-responsive MMTV long terminal re- 
peat promoter in the presence of Dex (Fig. 2C, compare lanes 
1 and 2 with 5 and 6). When the PK-box deletion mutant 
(CD) was assayed for the response to RU486, it displayed 
the original partial agonistic effect of wtGR (compare lane 4 
with 7). This demonstrates that th deletion of the PK-box 
does not alter the transactivation properties of the receptor 
per se. Rather, we have to conclude that the increased RU486 
response in the CS1/CD double mutant is the result of the 
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FlC. 3. Ligand-binding properties of GR derivatives synthesized in 
vitro. A and B, Dex and RU4S6 equilibrium labeling. In vitro translation 
reactions were carried out in the presence of various concentrations of 
( 3 H]Dex (A) and [ 3 H]RU486 (B), respectively, and receptor binding 
was assayed by filter binding (17). The GR derivatives are truncated 
versions lacking the N-terminal parts (see Fig. ID), indicated by x. Y- 
axis. Saturable J H- labeled counts per min per filter (see Materials and 
Methods); X-axis, concentrations of 3 H-labeled hormone. Open squares. 
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combined action of the mutation CS1 (substitution of two 
hydrophobic arnino acids, positions 770 and 771 in rGR by 
alanines) together with the deletion CD (elimination of the 
PfC-box). Table 1 summarizes further properties of the CD 
mutant, which will be discussed later. A combination of the 
mutants CS2 and CD was not constructed. 

The effects of the CSl/CD double mutation are GR specific 

A number of functions described for receptors of the GR/ 
PR/AR/MR subclass have been shown to be shared by the 
other members. To verify whether the increased RU486 
responsiveness can be transferred to another receptor, we 
constructed the point mutations corresponding to CSl/CD 
in the human PR (hPR; 31) and hAR (32) (see Fig. IB, 
PR.CS1/CD and AR.CS1/CD, constructs XI and XVI). These 
variants were tested for transactivation in the presence of 
agonist and antagonist. In our assay, the wild type hPR 
demonstrated the expected activation in the presence of the 
progestin agonist R5020 (Fig. 2D, lane 3) and null response 
toward RU486 (lane 1). We observed that PR was responding 
significantly to Dex (lane 2), an observation that is consistent 
with the partial in vitro PR activation observed by others 
(33). Contrary to our expectation, the PR.CSl/CD mutant 
was responding differently than the GR-CS1/CD, since it 
did not show an enhanced response to the antagonist RU486 
(Fig. 2D, lane 4). This double mutant cannot transactivate 
when induced with the synthetic glucocorticoid Dex or with 
the synthetic progestin R5020 (Fig. 2D, lanes 5 and 6). 
Similarly, the corresponding mutations in the hAR demon- 
strated a lack of transactivation in response to RU486, Dex, 
and the synthetic androgen R1881 (Fig. 2D, lanes 9-11). 
Hence, the exhibition of the altered hormone responsiveness 
by the GR cannot be simply transferred to hPR or hAR by 
generating corresponding mutations. We conclude that al- 
though the mutations affect very conserved amino acids, the 
functional significance of the residues must be different for 
each receptor. 

Unlike PR, carboxyl-end truncated GR mutants are not 
activated by RU486 

After observing that an effect generated in the GR cannot 
be transferred to PR or AR, we tried to verify whether a 

neg f negative control GRx556; filled squares, xwt; open triangles, xCSl; 
filled triangles, iCS2; open circles, xCD; filled circles, xCT; filled dia- 
monds, xCSl/CD. The labeling reactiona reveal that the substitution 
mutants xCSl, xCS2, and xCSl/CD have practically tost Dex-binding 
property (A) but retain the ability to bind the antihormone RU486 (B). 
C, [ 3 H]Dex mesylate affinity labeling. Unlabeled in vitro translation 
reaction products were incubated with 0.2 fiM [ 3 H]Dex mesylate in the 
presence or in absence of 10 jiM unlabeled competitor. Receptor deriv- 
atives were immunoprecipitated, electrophoresed, and analyzed by ra- 
diography. Specific signals were evaluated densitometrically (see Ma- 
terials and Methods). The graph represents the relative amounts of 
[ 3 H]Dex mesylate-labeled receptor. The signal calculated from xwt is 
defined as 100%. Y-axis. Relative ( 3 H)Dex mesylate labeling; X-(cate- 
gory) axis, receptor mutants. Open bars, no competitor in the binding 
reaction; stippled bars, 10 mm unlabeled Dex as competitor, filled bars, 
10 mm unlabeled RU486 as competitor. The affinity labeling shows that 
the carboxy- terminal mutants still can bind Dex mesylate. The labeling 
of the CSl, CS2, or CSl/CD mutants cannot be competed by Dei. 
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property found in a PR mutant can be transferred to GR. An 
inversion of the response to agonistic/antagonistic ligands 
has recently been described for a truncated PR mutant called 
UP-1 (19) that is missing the C-terrninal 54 amino acids (see 
Fig. 1C, construct XII). Reportedly, this mutant can bind 
neither progesterone nor the synthetic agonist R5020 but can 
still bind RU486 and strongly activate transcription in the 
presence of this antagonist. The authors interpreted these 
data by arguing that the most C-terminal portion of the 
receptor might contain an inhibitory function that silences 
receptor transactivation activity in the absence of the agonist 
and is not displaced in the presence of the antagonist. They 
also suggested that the inhibitory effect of the C-terminal 
tail on the transcriptional potential of antagonist-bound 
receptor might be a general phenomenon for steroid recep- 
tors. In our hands, the equivalent truncation of the very C- 
terminal part in rCR does not result in a mutant receptor 
responding to RU486. Using available restriction sites in GR 
cDNA, we generated different truncation mutants (generally 
referred to as CTs: A28 + 0, A53 + 14, A53 + 2, and A55 + 
7, where the numbers describe the sizes of the deletions 
followed by the amounts of additional unrelated residues; 
Fig. 1C constructs VI- IX). We also used the truncated mutant 
N-766, whose properties have already been published (17). 
All these truncated GR mutants were completely silent in 
transactivation in the presence of both the agonist Dex and 
the antagonist RU486. In Fig. 2D, lane 12, we show the lack 
of transactivation of one representative of the GR CT, namely 
A53 + 14, which is the closest analog of the reported PR 
mutant in terms of position of the truncation as well as 
lengths of the unrelated amino acid residues (Fig. 1C, com- 
pare constructs VII and XII). 

By using given restriction sites in the PR cDNA, we con- 
structed two CT PR derivatives (Fig. 1C, constructs XIII and 
XIV) and tested them for transactivation. Neither demon- 
strated any activation in the presence of either the agonist 
R5020 or the antagonist RU486 (Fig. 2D, lane 13 for the 
response to RU486). We did not reconstruct the published 
UP-1 mutant. The different transactivation could be the 
effect of the additional unrelated amino acids or the different 
position of truncation between the published PR mutant and 
our GR CTs and PR derivatives. A truncated AR mutant, 
AR.CT (Fig. 1, construct XVII), missing only a few amino 
acids at the C-terminus, cannot transactivate in the presence 
of R1881, Dex, or RU486 (see Table 1). 

Altered affinity for the ligand in the C-terminal GR mutants 

To analyze the ligand-binding ability of the mutants, we 
performed equilibrium labeling experiments with in vitro- 
generated receptor derivatives. It has been shown that the 
N-terminally truncated receptor x795 is indistinguishable in 
its hormone-binding capacity from the intact receptor N795 
(17). Furthermore, in vitro translation of x795 constructs gives 
higher yields than full-length constructs (our unpublished 
results). Hence, for the in vitro experiments, we used trun- 
cated versions lacking the N-terminal domain (see xwt in 
Fig. ID; the corresponding carboxy-terminal mutants are 
xCSl, xCS2, xCSl/CS, and xCT). The recombinant plasmids 



carrying the DNA- and the hormone-binding portions of the 
receptor-coding region were transcribed and translated in 
vitro (see Ref . 1 7 and Materials and Methods). The GR proteins 
were synthesized in the presence of various concentrations 
of [ 3 H]Dex or [ 3 H]RU486, and the ligand binding was meas- 
ured using a filter binding assay (17). Figure 3 A shows the 
equilibrium labeling of some GR mutants in the presence of 
[ 3 H]Dex, varying from 1 nM to approximately 0.1 mm. The 
curves represent the amount of saturable high affinity sites. 
In accordance with the transactivation experiments, the xCD 
mutant (Fig. 3A, circles) was similar to xwt (Fig. 3A, filled 
squares) for labeling [ 3 H]Dex, whereas xCSl/CD (Fig. 3A, 
filled diamonds) remained close to the background (compare 
it with the negative control x556, Fig. 3A, open squares). 
Contrary to the results reported by others (21), in this ap- 
proach neither xCSl nor the xCS2 GR mutations display 
significant [ 3 H]Dex binding. Thus, although the apparent 
equilibrium dissociation constant of the deletion mutant xCD 
is not severely altered, the xCSl/CD or the xCSl and xCS2 
mutants have virtually lost their Dex-binding property. Anal- 
ogous equilibrium-labeling experiments were done using [ 3 H] 
RU486. Both the Ala-substituted xCSl (Fig. 3B, open trian- 
gles) and xCS2 mutants and the double mutant xCSl/CD 
(Fig. 3B, filled diamonds) demonstrated labeling with [ 3 H] 
RU486 even stronger than xwt (Fig. 3B). The annhormone 
bound with comparable affinity to the deletion mutant xCD 
and xwt, whereas binding to the C-terminally truncated 
mutant xCT was barely detectable (Table 1). Taken together, 
the results obtained by equilibrium labeling with [ 3 H]Dex 
and [ 3 H]RU486 demonstrate that the analyzed GR point 
mutations do not dramatically alter the binding of the anti- 
hormone RU486. However, Dex binding is significantly re- 
duced in the substitution mutants, indicating that the hydro- 
phobic residues Met/Leu preceding the conserved Glu773 
(Fig. 1 A) are important for retention of Dex but not RU486. 

We also examined the binding of the mutated receptors to 
[ 3 H]Dex mesylate. This electrophilic affinity-labeling deriva- 
tive of Dex associates covalently with cysteine residues (34). 
In vitro translation reaction products were incubated in the 
presence of 0.2 mm [ 3 H]Dex mesylate. A portion of each 
labeling reaction also contained excess (10 mm) unlabeled Dex 
or (1 mm) RU486, respectively, which compete only for the 
saturable, high affinity sites of the receptor. After binding, 
the labeled proteins were immunoprecipitated, fractionated 
by sodium dodecyl sulfate-polyacrylamide gel electrophore- 
sis, and analyzed by radiography. The signals have been 
quantified in Fig. 3C. The graph shows that all the mutations 
except the negative control x556 can bind [ 3 H]Dex mesylate 
(open bars). In this assay the xCSl, xCS2, and xCSl/CD 
mutants were indistinguishable from xwt reactivity for the 
ligand, whereas xCD was slightly stronger. The affinities of 
some of the carboxyl-end truncated mutants xCT (x766 and 
x742 + 14) for [ 3 H]Dex mesylate were determined to be less 
than 10% relative to the binding of xwt (not shown). The 
affinity label is not significantly competed by a large excess 
of cold Dex in the reactions including xCSl/CD, xCSl, and 
xCS2 (Fig. 3C, stippled bars) but is competed in reactions 
containing xCD or xwt. This indicates that mutation of the 
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paired hydrophobic amino acids (Met- Leu and Ile-Ile, re- 
spectively) strongly influences Dex binding without affecting 
the capacity to bind Dex mesylate. In the presence of RU486 
as competitor, all the tested samples lost the labeling by [ 3 H] 
Dex mesylate (Fig. 3C, filled bars). The affinity-labeling ex- 
periment clearly demonstrated that the carboxy-terminal GR 
mutants can still strongly bind [ 3 H]Dex mesylate, but that 
competition by Dex is altered. Therefore, if we assume that 
Dex mesylate, Dex, and RU486 have similar on rates, we 
have to conclude that the off rate of the agonist Dex (but not 
of the antagonist RU486) is probably significantly affected 
in these mutants. 

Other domains of the mutated receptor may participate in the 
altered hormone response of the CSl/CD mutant 

We could show that transplantation of the CSl/CD mu- 
tations in PR and AR does not result in an increased response 
to RU486 (Fig. 2D and Fig. 4, lines 1 1 and 16) and argue that 
the mutations per se are not sufficient for the abnormal 
behavior in GR. We constructed further chimeric proteins by 
progressive replacement of the GR-CS1/CD mutant with 
analogous parts of either PR or AR (Fig. 4). In the fusion to 
PR, only proteins containing the very C-terminal portion of 
GR-CS1/CD maintained elevated responses to RU486 (Fig. 
4, compare lines 5 and 6 and 7 and 8), whereas chimeras 
with C-terminal PR mutated portions maintained the pure 
antagonistic response to RU486 (Fig, 4, lines 11-14). Inter- 
estingly, the fusion proteins with mutated PR carboxyl-ends 
(PR. CSl/CD) cannot transactivate in the presence of the 
R5020 (Fig. 4, lines 11, 13, 14, and 18). None of the fusion 
proteins to AR exhibits increased responsiveness to RU486, 
even if the very C-terminal tail is derived from GR-CS1/CD 
(Fig. 4, lines 15-20). An exception is the chimera PR/AR- 
CS1/CD, in which the C-terminal tail of PR is replaced by 
the mutated counterpart of AR. This construct also showed 
an increased response to RU486 (Fig. 4, line 9). We conclude 
that the very C-terminal tail of the mutated GR is not 
sufficient for the abnormal response to RU486. All the fusion 
proteins containing the CSl/CD mutations failed to be acti- 
vated by Dex. 

For GR, the weak agonistic activity of RU486 is supposed 
to be due to the hormone-independent TAF-1 (16). We 
deleted this domain in wtGR and noticed that the amino 
terrninal truncated derivative xwt has a partial response to 
RU486 of about 1.5% relative to full-length receptor after 
Dex induction (Fig. 4, line 24). Tne corresponding truncation 
in the CSl/CD mutant does not respond as strongly as the 
full-length version to RU486 (line 25), although this version 
also shows a clearly elevated response to the antagonist. This 
mutant is still unable to respond to the agonist. We suspected 
therefore that other domains of the receptor might be in- 
volved in the altered antagonist response- by the CSl/CD 
mutant. To measure the autonomy of 1 - the HBD in the in- 
creased activity to RU486, we constructed fusion proteins 
with the yeast transcription factor GAL4 (see Fig. 4, con- 
structs 26-30) and tested them for transactivation on report- 
ers bearing GAL4-binding sites. Transcription from the re- 
porter was rather low in these transfection experiments. 
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Mobility shift assays with nuclear extracts and in situ im- 
munofluorescence analysis revealed a hindered nuclear 
translocation of the GAL4-fusion proteins (Table 1). Never- 
theless, the GAL4 fusion containing the wtGR responds well 
to Dex induction, whereas the partial agonist effect of RU486 
is almost insignificant (Fig. 4, line 27). The chimera contain- 
ing the HBD of CSl/CD does not show an increased response 
to RU486 (line 28). The GAL4-fusion constructs with the 
separated mutations (CD, CS1, and CS2, respectively) dem- 
onstrate parallel transactivation to the one observed in the 
GR context (Fig. 4, compare lines 29 and 30 with 3 and 2). 
Since the chimeric GAL4 constructs do not contain the GR 
zinc finger and tau-2 region, we conclude that the activity of 
either one of these could be involved in the increased re- 
sponsiveness of the CSl/CD mutant to RU486. 

Discussion 

We have shown elsewhere that alternative translation of 
the naturally crccurring CAG repeat into a poly alanine stretch 
completely silences transactivation of the rGR without af- 
fecting the other receptor functions (20; Lanz, R. B„ S Wie- 
land, M. Hug, and S. Rusconi, submitted). This GR[Ala] can 
act as a transrepressor over wtGR and other related receptors 
such as PR and AR. Others reported point mutations in a 
conserved region in the HBD of GR and estrogen receptor 
(ER) that significantly reduced ligand-dependent transacti- 
vation but had no effect on steroid or DNA binding (21). 

The original aim of this work was to establish whether 
these mutants would act as TDNs similar to GR[Ala]. We 
therefore constructed analogous mutations in rGR and ana- 
lyzed receptor functions. Our results can be summarized as 
follows: 1) replacement of either pair of hydrophobic residues 
flanking the conserved glutamic acid by alanines strongly 
reduced hormone binding, in contradiction with the original 
claims (21); consequently, these mutants are not TDN; 2) a 
mutant bearing both the substitution and a fortuitous dele- 
tion of the PK-box was able to strongly activate transcription 
in the presence of the antagonist RU486 but was silent on 
Dex induction; 3) the PK box deletion per se does not alter 
the transactivation properties of the GR; 4) corresponding 
mutations in PR and AR did not show the increased response 
to RU486 as exerted by the GR mutant; 5) unlike reports on 
PR, carboxyl-end truncated GR mutants are not activated by 
RU486; and 6) GAL4-fusion proteins lost the enhanced 
RU486 response. Our results strongly indicate the importance 
of the conserved region in the carboxyl-end of the receptor 
in ligand discrimination and in distinction of agonistic from 
antagonistic modulation and suggest that this region works 
in concert with other receptor domains. 

The HBD of nuclear receptors encompasses several distinct 
receptor functions, which cannot be attributed to specific 
regions of these receptors (for review see Ref. 4). Ligand 
binding appears to involve finely scattered elements of the 
large domain, since most of the mutations identified in the 
HBD compromise the ability of the mutated receptor to bind 
hormones (see reviews, Refs. 1, 4, 5). Similarly, large sections 
of this domain are required to provide the interacting sites 
for receptor- associated proteins, which silence receptor activ- 
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No. NAME 



CONSTRUCT 



TRANSACTIVATION 



TAF-1 



HBD 



1 wlGR I \ \ ' 'wt 

2 CSlorCS2 I II I 

3 CD I I I l"1 CD 

4 CS1/CD I I ' HRU 

5 PR/GR(HBO) : ,.y:|.:-.-4 I M 

6 PR/GR(HBD).CS1/CD M^m^ ;:>.:-= : t;:. I I RU 

7 PR/GR W I M 

8 PR/GR.CS1/CO vh: . 1:.: ; .: 1 1RU 

9 PR/AR.CS1/CD h * a- -ft. : Mw - :':- 8 t : 1 RU 

10 wtPR \q?\Vm&.:; rsK.:.-: :: h I wt 

11 PR.CS1/CD I ••:■••=,'::•■! ... . ■ : --t.. . -= I ■• I |RU 

12 GR/PR(HBD) I I H:^^^l:^1= | wt 

13 GR/PR(HBD).CS1/C0 I I hWri-iVij-IN RU 

14 GR/PR.CS1/CD I I I IMII RU 

15 wtAR ):>::>::-:-:><-:-:-±-:-:'^ :'-:l:\ *n 

16 AR.CS1/CD fc:::: = : = : = ::: = : = : = : = : = :|: = : = : = ^: = : = : = : = : = :f : IRU 

17 AR/GR.CS1/CD . | RU 

18 AR/PR.CS1/CD P: = :::-: = : = ::: = : = :-:-SI-: = :-:=l:-: = : = : = : : : : IMit RU 

19 GR/AR(HBD) I I : : : : : : : : : : : t : jwt 

20 GR/AR(HBD).CS1/CD I I : I RU 

21 CT I I I I - 

22 PR-CT t::.:.:ji::ij=::;. ; ;:-::j: : :; S ■: ■:: ^ * ^^.'^ \ - 

23 AR-CT F::: = : = :::=::::::: = : = : = i=: = : = :1:-: = : = :-: : : : l • 

24 xwt II Mwt 

25 xwt.CSVCD I I "TlRU 



26 GAL4-ACI 

27 GAL4-Act/GR(HBD) 

28 GAL4-Act/GR(HBD).CS1/CD 

29 GAL4-Act/GR(HBD).CD 

30 GAL4-ACVGR(HBD).CS1 Of .CS2 



o 

CM 

X O 



a) 100 
1 

140 
1 

130 
0 
0 
1 

42 
2 
6 
0 
0 
3 
3 
1 

1 
0 
0 
0 
0 
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1 ' 
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Tics 



o 
o 
o 
o 

0 

1 

150 
2 

50 
0 
0 



10 
1 

10 
50 

7 
14 

1 

10 
7 



46 
1 
0 
1 

32 
1 



Dex. NONE RU486 



>100 >100 
b)!00- 7 # 
2* 8* 



121 * 
8* 



6* 



.100 
9' 
9' 
5* 
3* 



FlG. 4. Transactivation properties of GR mutants and chimeras. Transactivation properties of GR and chimeras, including some of those described 
above. The constructs axe indicated by numbers, names, and by a schematic illustration with sections representing the domain boundaries (unlike 
Fig. 1, here not in scale). Construct names refer to GR, except where indicated by the corresponding receptor abbreviation, x, Amino- truncated 
GRs (Fig. ID); GAL, DBD of the yeast transcription factor GAL4; Act, activation region 2 of GAL4 (41). The C-terminal box is part of the HBD 
and illustrates the portion downstream of the ScoRI site in rGR cDNA (residues EF766/767-795). This segment includes the carboxy-terminal 
mutations reported in this work. The EcoRI site was created at homologous positions in AR and PR and used for swapping the portions of 
chimeras. Open rectangles, Domains derived from the GR; heavily stippled areas, sections from PR; lightly stippled areas, portions from AR 
Abbreviations at the right of the C-terminal box indicate the status of the sequence (see Fig. 1C). RU, Double mutation CSl/CD. CTs are displayed 
as if missing the entire boxes, although the termination is not precisely at the £coRI site (see Fig. 1C and Materials and Methods), The 
transactivation capacities of the mutants were determined by transient transfection experiments and analyzed by Sl-nucleaae mapping as described 




For lines 26-30, the activity c . _ A _ , , 

that particular constructs were transfected in higher amounts (10-fold) to compensate for the lacking of the major TAF-1 (constructs 24 and 25) 
or for the poor nuclear localization (constructs 27-30). 
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ity in the absence of the ligand (see reviews, Refs. 4, 5). 
Furthermore, the HBD contains at least one transactivation 
function (7) and a nuclear localization signal (12) that are 
activated on hormone binding. A very conserved region 
toward the C-terminus was suggested to be necessary for 
receptor dimerization (Fig. 5). Our results provide evidence 
that the C-terminal part of the GR is a multifunctional 
subdomain involved in at least ligand discrimination, tran- 
scription activation, and protein-protein interaction. In this 
region the amino acid sequence flanking a conserved glu- 
tamic acid (E773 in rCR) has the potential to from a nega- 
tively charged amphipathic a-helix (35; see schemes in Fig. 
5, A and B). Replacement of either pair of hydrophobic 
residues by alanines (CS1 and CS2) abolished transcriptional 
activation in the presence of Dex. We could show that this 
failure is due to severely reduced affinity for the agonist (Fig. 
3) and conclude that this region is involved in ligand bind- 
ing. 

The proline' and lysine residues (PK-box) next to that 
putative helical structure are conserved only in the subclass 
of GR/PR/AR/MR. Although located within this multifunc- 
tional region (see below), none of the activities described for 
the HBD seemed to be affected by deletion of the two 
residues (Fig. 2C, CD). However, when the CD mutation is 
combined with CS1 substitution, the agonist/antagonist re- 
sponse is partially inverted. With direct ligand binding we 
could show that the mutants containing the Ala substitutions 
(CS1, CS2, and CS1/CD) lost or severely reduced the ability 
to bind Dex but not RU486 (Fig. 3). We conclude that for 
rGR the hydrophobic residues in the putative a-helix are 
involved in both Dex binding and in transcription activation. 
The semiconserved PK-box, however, appears to be involved 
directiy neither in ligand binding nor in transactivation in a 
direct manner. 

.The importance of the amphipathic a-helix has been re- 
ported for other nuclear receptors. Point mutations in this 
conserved region revealed that the C-tenninus of the thyroid 
hormone receptor type a (c-ErbAa) and the retinoic acid 
receptor-a are indispensable for transactivation, interference 
with AP-1 activity, and ligand -dependent induction of eryth- 
roid differentiation (36), in contrast to equivalent mutations 
in ER, which retain substantial transactivation ability (21). 
Furthermore, the mutated c-ErbAa acted in a dominant- 
negative manner, hence differently than the CS mutations 
reported in this work. Analogous mutations in the ER were 
reported by another group to generate dominant-negative 
receptors that retain agonist binding (37). We conclude that 
the amino acid residues in the vicinity of the conserved 
glutamic acid near the C-terminal end are crucial for both 
transactivation and for ligand binding, depending on the 
receptor. To our knowledge, the ER, retinoic acid receptor, 
or thyroid hormone receptor mutants have not been system- 
atically tested in the presence of antihormones, and we 
predict that some of them may also partly invert the response 
toward known antagonists. 

We observed a certain receptor specificity when we tried 
to transfer carboxy- terminal mutations to other members of 
the GR/PR/AR/MR subclass. Generation of the double mu- 
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tant in PR (PR.CS1/CD) and AR (AR.CS1/CD) did not show 
the expected transactivation in the presence of RU486 (Fig 
2D). Furthermore, we observed that carboxyl-end truncations 
of GR do not produce the inversion of agonist/antagonist as 
reported for a PR derivative (UP-1; 19). The heterogeneity 
of sequence and length of the unrelated amino acids in our 
truncations (CTs) are expected to play minor roles in these 
results. We also tested these constructs on artificial promoters 
containing symmetric glucocorticoid and progesterone re- 
sponse elements (29) in the presence or absence of additional 
binding sites for unrelated transcription factors (Tallone, T., 
and S. Rusconi, unpublished data) and found that the re- 
sponse was the same as in the MMTV promoter (data not 
shown). This indicates that the hyperreactivity of the CS1/ 
CD mutant to RU486 is promoter independent. The lack of 
transactivation of our PR truncations that terminate receptor 
sequence within or downstream of the conserved region (PR 
CT), allows us to narrow down the putative inhibitory func- 
tion (19) to the region comprised between residues 879-901 
in hPR. We conclude that functions exerted by the putative 
c-terminal a-helix are partly receptor specific, although this 
region is highly conserved in the nuclear receptor superfam- 
ily. Only systematic swap studies of this region will unveil 
the role of individual residues. 

Functional differences between GR and PR/AR may in- 
volve residues elsewhere in the receptor. RU486 was shown 
to promote DNA binding of the receptors in vivo (16), a 
function that may permit at least the default action of the 
hormone-independent TAF-1. One could expect that both 
GR and PR should display the partial response to RU486. 
However, in our system we observe this only in the case of 
the full-length GR and not in the chimeras that retain the 
GR TAF-1. This shows that the TAF-1 default hypothesis 
does not apply to the chimeras. It will certainly be interesting 
to measure the activity of the chimeras in different cell types. 
Finally, fusion proteins with the yeast GAL4 DBD abolished 
the increased responsiveness of the CS1/CD mutant to the 
antagonist, suggesting that other GR domains may be in- 
volved in the increased response to RU486 by the CS1/CD 
mutant. 

For several nuclear receptors, including GR and PR, it was 
shown that a protease-resistant structure that correlates with 
receptor activation is induced by ligand binding (18). This 
strongly suggests that the carboxyl-tail of the receptor has 
discrete conformations when bound with either agonists or 
antagonists. Our results are in accordance with these find- 
ings. We further suggest that the conserved region flanking 
the invariable glutamic acid is directly involved in the con- 
formational change. This structural alteration is dependent 
on ligand binding and may include the putative a-helix as 
well as the subsequent receptor tail (see Fig. 5C, i). We 
consider it likely that the proline residue (P780 in rGR) is 
important for the orientation of the carboxyl-tail, which 
cuscriminates transactivation activity depending on the char- 
acter of bound ligand (compare right and middle drawings 
in Fig. 5C, i). We propose that this helical structure may 
provide a part of the binding pocket for the ligand and may 
participate in the conformational change necessary for tran- 
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Fig. 5. Model of mutant receptor action. A, Conserved residues in the primary sequence of the carboxyl-end of the GR/PR/AR/MR sutelau of 
the nuclear receptor superfamily. Amino acids are shown by the single-letter code. Capital letters. Identical residues throughout the GR/PR/AR/ 
MR sub-class; lower-case letters, identical residues in at least three members. Potential functions of each section are indicated: crosses, the 
conserved heptad repeat of hydrophobic residues (indicated by dots) potentially involved in receptor dimerization (42-44); U residue reported to 
be crucial for ligand binding (42); circles, (subdomain) putative amphipathic a-helix presumably involved in ligand D^^^trans^iyation. and 
protein-protein interaction (21, 36), termed LITAF; asterisk, invariant Glu residue. B, Schematic representation o£ the pBD-HBD of steroid 
receptors Dashed box, DBD; circled r-2, weak transaction function described for GR and ER (10); symbols in the cartoxy-tenninal part as 
described in A C Model for mechanism of hormone receptor action. For wtGR and CSl/CD, the model also includes the action of homodimenzed 
receptors. The N-terminal domain is not shown. For all the constructs a schematic interpretation of the C-terainal structure is shown. The 
position of the PK-box is indicated; other symbols are as in A. In this model the structural alteration exerted by ligand binding bnngs the very U 
terminal tail in a favorable position for transactivation. The substitution of the hydrophobic residues by alanine abolishes Dex binding (ii, ie/t), 
and the C-terminal tail remains in a conformation that is unfavourable for transactivation. RU486 induces a different change, and its binding is 
not affected by the substitution of the hydrophobic amino acids (ii. right). Deletion of the PK-box may alter the structure of the subsequent 
residues without disturbing transactivation activity, perhaps by partially overcoming the inhibitory function of the carooxyl-tail (ui). The 
combination of both the Ala substitutions and the PK deletion results in a receptor in which the C-tenninal part is no longer disturbing after the 
conformational change induced by binding of RU486 (iv, right). Dex still cannot bind to this mutant and thus cannot alter the position of the 
receptor tail (iv, left). 
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scnpbon activation and provide a mechanistic interpretation 
of the effects of mutations (see Fig. 5C, ii-iv) and correspond- 

1 ? OUr m ° del we s 11 ^ that transactivation of 
V-bl/CD in the presence of the antagonist RU486 requires 
the interaction of the conserved C-termina] region with the 
central DBD/fau-2 section of the receptor. Since the trans! 
activation activity of tau-2 was described for GR (10) but not 

hlrQwr-o^' ° nC T eXpl3in the GR - r «rricted effects of 
m J . P mUtant observed ™ experiments. The avail- 
able data do not allow us to predict whether the interaction 
is an intramolecular contact or is mediated by cof actors 
Taken together, we present evidence that sequence con- 

ST^ atl rSmf#A n ^ neCeSSari,y functi °™l conservation 
m the GR/PR/AR/MR subfamily. On the basis of our results 
we believe that the conserved carboxy- terminal part of GR 
is a multifunctional region involved in ligand (discrimination 
and determination of agonistic and antagonistic transactiva- 
hon, and we propose for this subdomain the name LIT V F. 
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